Abbreviations DWTP -drinking water treatment plant; SRB -sulphate reducing bacteria; MPN -most probable number; TOC -total organic carbon.
Introduction
Drinking water quality is dependent on the specific composition and activity of microbial populations present during water treatment, storage and distribution [1] . As in most aquatic environments, biofilms are the predominant mode of microbial growth in drinking water networks [2] .
Flemming et al. [3] estimated that approximately 95% of bacterial cells are attached to pipe walls, as biofilm communities, while less than 5% are found in the water phase. Bacterial adhesion and biofilm formation at the inner surfaces of water systems, from source abstraction to the consumers tap, represent a complex challenge to water professionals. Biofilms may play a beneficial role in drinking water treatment, as biological filters [4] [5] [6] . On the other hand, detrimental effects known as biofouling may occur, including microbially induced corrosion, disinfectant depletion, aesthetic problems i.e. colour, odour and taste degradation and microbiological deterioration of drinking water [7] .
The complex structure of biofilms associated with drinking water processing and distribution is generally represented by the following main components: water, exopolysaccharides, microbial cells, entrapped particles and precipitates, sorbed ions, and polar and non-polar organics [8] . The microbiota of biofilms in drinking water systems consists mainly of non-pathogenic microbes of source water and sediment origin [6, 9] . However, biofilms also offer microniches for corrosioninducing microorganisms, as well as for a diversity of pathogens, and may function as a reservoir for further contamination [3] . Microbially induced corrosion, a complex process that involves various redox reactions catalyzed by bacterial activity, often leads to the accumulation of aggressive microbial metabolic products and enzymatic deterioration of the substratum surface [10] . The main types of corrosion-inducing microorganisms are sulphate reducing bacteria (SRB), metal oxidising/reducing bacteria (iron and manganese bacteria), methanogenic bacteria, and acid producing and slime forming microorganisms [11] . The presence of sediments, biomass, pits and corrosion products such as brown tubercles and white deposits was ascertained in potable water mains [8, 12, 13] . These structures have different physical and chemical properties as well as various abilities to support microbial growth.
Complex interactions of abiotic and biotic factors between substratum surface, biofilms and bulk water influence microbial composition in biofilms. Bacterial populations harboured in biofilms are unevenly distributed. Reductions in microbial activities during treatment process, from surface water to drinking water have been previously observed, not only in bulk fluid but also in biofilms [5, 6] . Molecular monitoring of biofilm microbiota from source to tap indicates significant changes in bacterial composition [14] . Less is known about the distribution and dynamics of microorganisms involved in different physiological processes during drinking water processing. Investigations into the occurrence of corrosion-inducing bacteria in water systems have been performed, with respect to SRB, iron and manganese bacteria [15, 16] . A previous assessment of biofilms developed within the drinking water treatment plant (DWTP) of Cluj revealed high numbers of heterotrophic bacteria and microorganisms belonging to different ecophysiological groups [17] .
The present study aims at offering an overview on the spatial and temporal dynamics of bacteria involved in nitrogen and sulphur cycles, as well as in oxidation and reduction of metals, within the biofilms formed during drinking water treatment. In order to evaluate the intensity of microbial activities, several physiological processes were monitored: ammonification, denitrification, sulphur reduction under aerobic and anaerobic conditions, sulphate reduction, sulphur oxidation, iron reduction and manganese oxidation. The evolution of the attached communities was monitored over one year, from May 2010 to March 2011, exploring the influence of substrate materials, treatment process and raw water quality.
Experimental Procedures

Sampling site
Samples were collected from the DWTP of Cluj, Romania (coordinates 46°44'N latitude and 23°22'E longitude). The raw water processed in this DWTP is taken from three alternative surface sources, consisting of a succession of lakes located in a mountainous area: Gilau, Somesul Cald and Tarnita dam reservoirs ( Figure 1 ). The quality of water being treated for human consumption is carefully monitored. Physical, chemical and microbiological parameters indicate that the water sources fall within A1/A2 categories [18] . Raw water is purified to meet drinking water standards by conventional treatment (Figure 2 ).
DWTP biofilm collection and analysis
Biofilm samples from the DWTP of Cluj were analysed every second month, from May 2010 to March 2011. All of the experimental procedures were performed in sterile conditions, in a laboratory certified according to ISO 17025 for drinking water analysis. Biofilm samples were collected from the settling step, from concrete and steel surfaces, and from the rapid sand filtration step. To catch a representative sample for analysis, biofilms were collected from eight different points for each type of surface (concrete, steel or sand), weighed and homogenised with sterile spatulas. Increased numbers of bacteria were expected to occur in biofilms formed in the settling step and lower numbers downstream, in the rapid sand filtration step. Consequently, 100 g deposits were scraped from the vertical walls of the clarifier and 1000 g samples of sand grains were processed. From these, 10 g deposits, respectively 100 g sand were suspended in tryptone water and vortexed with sterile glass beads (Vortex Genie, Scientific Industries). Successive dilutions up to 10 -9 were prepared for inoculation. Raw water entering the DWTP, as well as process water from the clarifier and from the filter were collected and analysed once with the biofilm samples.
Enumeration of various ecophysiological groups of bacteria in DWTP biofilms
All microbiological determinations in the present study are based on conventional methods, targeting viable and cultivable microorganisms. General or specific culture media [19] [20] [21] were used in the assessment of bacterial populations belonging to different ecophysiological groups, followed by biochemical identification. The presence of bacteria involved in microbial processes was evaluated by the presence of end-products that are specific for certain metabolic pathways [22] . The most probable number method (MPN) and the spread plate technique were used. Biofilm suspensions were inoculated in culture broths or agar media, depending on the microbial nutritional and energetic needs [23] and incubated at 22ºC, for 14-21 days. The MPN of ammonifying bacteria was estimated in peptone culture broth. As a consequence of bacterial activity, ammonia turns the medium colour from orange to yellow, with or without precipitate, following addition of Nessler reagent [19] .
Gas accumulation (nitrogen, nitrogen oxides) in Durham tubes was considered a positive indication of denitrification, in anaerobic conditions, using Allen culture medium [19] .
Aerobic sulphur reducing bacteria were detected in tryptone broth. H 2 S was detected with lead acetate impregnated filter paper strips, resulting in black staining with lead sulphide [19] . The MPN of bacteria able to reduce sulphur under anaerobic conditions was quantified in Oppenheimer and Gunkel growth medium [19] . A positive reaction was considered when the accumulation of black deposits occurred at the bottom of the tubes.
SRB were detected based on their ability to precipitate black iron sulphide deposits in Starkey culture broth, under anaerobic conditions [19] .
The presence of sulphur oxidisers turned the Postgate medium colour from red to yellow due to acidification, while sulphur deposits were produced [19] .
The MPN of iron reducing bacteria was estimated in Ottow culture broth. Bivalent iron ions resulting from Fe 3+ reduction stained pink by dropping α-α-dipiridil solution [20] .
The activity of manganese oxidisers was assessed by the spreading of biofilm suspensions on Manganese Agar no. 2 modified [21] . After 30-day incubation in microaerophilic conditions, dark-brown colonies containing deposits of manganese oxides, which turned blue when leucoberbelin blue solution was added, were enumerated.
Physico-chemical characterization of raw water and DWTP biofilm
Physical and chemical parameters of biofilm specimens, as well as raw water entering the DWTP and in bulk water were monitored at every sampling moment, according to standard methods. Biofilm pH was measured with short-range pH paper strips (Whatman 
Biochemical identification
Additional phenotypic identifications were performed, using bioMérieux API ® kits together with apiweb™ software. Bacterial pure isolates were obtained in the above-described culture media, supplemented with 2% agar.
Culture media components, reagents and identification kits were purchased from Merck Millipore, BD Difco™, Sigma-Aldrich, Chimopar, Silal Trading and bioMérieux. Negative and positive controls were performed using MicroBioLogics ® strains Aeromonas hydrophila ATCC 7966, Clostridium perfringens ATCC 13124, Enterococcus faecalis ATCC 19433, Escherichia coli ATCC 8739 and Pseudomonas aeruginosa ATCC 27853.
Statistical analysis
Descriptive analyses, including average, median, mean values, variability, and graphic displays were performed. Dynamics of bacterial populations and the influence of certain abiotic and biotic factors in their evolution were assessed by correlation analysis between series of parameters and statistical hypothesis testing [24, 25] . Microsoft Office Excel, SPSS and Epi-Info 2000 statistical software were used.
Results
Ecophysiological groups of bacteria
Dynamics in the distribution of bacteria involved in nitrogen and sulphur cycling, as well as in metal oxidation and reduction was observed in DWTP biofilms.
The evolution of ammonifying bacteria in biofilms occurring on concrete and steel surfaces of the clarifier was comparable over the year, with a minimum of 5.4x10 5 bacteria/g and maximum 1.6x10 8 bacteria/g. From 4.8x10 2 to 4.8x10 6 bacteria/g were detected in the sand filter. Ammonification occurred at the highest rates in spring ( Figure 3A) . The maximum load of denitrifying bacteria was estimated at 4x10 2 bacteria/g in biofilms developed on concrete walls, 1.3x10 2 bacteria/g on steel walls of the clarifier and 6.3 bacteria/g in the sand filter. Peaks occurred in spring, while denitrifying bacteria were not detected in biofilm samples during the summer and autumn ( Figure 3B ).
Bacteria capable of sulphur reduction under aerobic conditions registered elevated numbers in biofilms during spring and summer. Maximum values of 5.4x10 4 and 3.5x10 4 bacteria/g of biofilm were detected in the clarifier, on concrete walls and steel walls, respectively, while 4.8x10 3 bacteria/g were found in the sand filter ( Figure 4A ). Bacteria capable of reducing sulphur under anaerobic conditions registered a peak in July, with a maximum of 2.1x10 3 bacteria/g in biofilms formed on concrete surfaces, 8.1x10
2 bacteria/g on steel-attached biofilms in the clarifier and 10.8 bacteria/g in the sand filter ( Figure 4B ). The activity of sulphur reducing bacteria decreased during the cold season, from September to January.
Starkey growth medium revealed low concentrations of SRB in DWTP biofilms, with increases in their activity during the summer and early autumn. Maximum levels of 4.9x10 2 bacteria/g of biofilm were registered in the clarifier, on steel substratum. SRB were detected in the sand filter in concentrations from 1.2 to 24 bacteria/g, except for samples collected in January, which were negative for sulphate reducers ( Figure 4C ).
Sulphur oxidation in biofilms took place throughout the monitoring period, at higher intensity in biofilms on concrete material (1.6x10 5 bacteria/g), lower levels in those associated with steel (8.1x10 3 bacteria/g) and the lowest levels at the surface of sand grains (1.68x10 2 bacteria/g). Late summer and early autumn proved to be favourable for the proliferation of sulphur oxidising bacteria, as shown in Figure 4D .
Intense metal oxidation and reduction processes took place in drinking water associated biofilms. Both iron and manganese bacteria evolved similarly in biofilm consortia in the clarifier, regardless of substrate type ( Figure 5 ). High concentrations of iron reducers were detected through the whole period monitored. In autumn, 9.2 x10 7 bacteria/g were detected in biofilms on concrete walls, 1.7x10 7 bacteria/g in biofilms developed on immersed steel, while 5.4x10 3 bacteria/g were active in the sand filter.
Large populations of manganese oxidising bacteria were detected in DWTP biofilms during the summer:
7 bacteria/g were estimated in biofilms collected from the steel surfaces, 7.2x10 6 in concrete-attached biofilms and 2.1x10 4 in the sand filter. A dynamic situation may be observed in the distribution of bacterial populations through the treatment process. The proportion of each ecophysiological group was illustrated based on the annual averages of bacteria estimated in the three types of biofilms ( Figure 6 ). Ammonification was found to be the predominant microbial activity. Ammonifying bacteria represented 66.6% of bacteria in biofilms developed on concrete surfaces, 89.24% in steel-attached consortia and 99.17% in the sand filter. Bacterial consortia in DWTP biofilms also possess high iron reduction and manganese oxidation activities. Iron reducing bacteria reached 32.89% of bacterial populations in biofilms formed on concrete walls, only 10.04% on steel surfaces of the clarifier, decreasing to 0.25% in the sand filter. Manganese oxidising bacteria registered similar percents in the bacterial numbers in biofilms developed during water treatment: 0.69% on steel surfaces and 0.42% on concrete walls, in the clarifier, and 0.47% in the sand filter. Sulphur reducing and sulphur oxidising bacteria were found to represent smaller percents in the attached microbial communities, from 0.02 to 0.11%, and from 0.004 to 0.06%, respectively. Anaerobic bacteria (denitrifiers, sulphate and sulphur reducers) were found to represent even lower proportions in the total bacterial counts.
Biochemical identification of bacterial isolates
The biochemical identification results processed using apiweb™ software showed high similarities with Aeromonas spp., Burkholderia spp. 
Physical and chemical parameters in raw water, bulk water and biofilms
The assessment of the proximal environment that may influence bacterial growth and biofilm composition indicates that the raw water entering the DWTP is of high quality. Water temperature registered from 3.3 to 14.0°C and turbidity had an average of 1.47 NTU. Raw water is characterised by low levels of nutrients, nitrites, nitrates and ammonium. Water pH averaged 7.25 at the entrance in the plant, 7.11 in the clarifier and 7.46 in the sand filter. Biofilm developed on concrete walls registered the highest pH (7.13), while a drop in the pH was observed in biofilms from steel (6.74) and sand surfaces (6.85). Increased concentrations of iron and manganese were detected in biofilms developed on steel ( Figure 7 ).
Discussion
Evolution of microbial activity in biofilms
Although the investigated biofilms have been naturally formed, they occurred within an artificial environment, disturbed by mechanical and chemical actions undertaken in order to control biofouling. Even under these circumstances, seasonal variation in ecophysiological groups of bacteria in DWTP was recorded, including bacterial proliferation during the warm season. Raw water entering the DWTP registered an average temperature of 11.86°C from May to September 2010 and 6°C from October 2010 to March 2011. The large number of ammonifying bacteria in raw water with low organic content (average values of 2.39 mg/L for organic substances and 2.60 mg/L for TOC) indicates a high mineralisation potential in drinking water biofilms. Denitrifying bacteria were not detected in samples during the summer. The low rate of denitrification in biofilms might be related to the small amount of nitrates in raw water. An average value of 2.74 mg NO 3 -/L was recorded during the experimental monitoring ( Figure 7) . However, bulk water and sediments of Cluj catchments were characterised by the predominance of nitrification and denitrification [26, 27] . In other natural waters and reservoirs, in similar conditions, elevated numbers of ammonifying bacteria were registered [28, 29] .
Regarding bacteria involved in the sulphur cycle, SRB were found to be the least abundant. Previous studies of water and sediments of Gilau Lake and in Tarnita Lake [26, 27] indicate the same distribution of sulphur bacteria in raw water sources as that found in DWTP biofilms, with a predominance of sulphur oxidisers and sulphur reducing aerobSoluble iron did not exceed 0.15 mg/L in raw water during the monitoring period. Iron and manganese compounds were concentrated in biofilms, especially on steel surfaces (Figure 7) . Bacterial populations capable of iron reduction and manganese oxidation were numerous in biofilms on all substrates from July to November. Increased biofilm activity resulting in pipe wall biofouling and higher rates of iron and manganese deposition during late summer and early autumn were also found in Australian drinking water distribution systems [30] .
A time lag is observed when comparing the evolution of iron reducing bacteria in the clarifier with those in the sand filter ( Figure 5A ). This phenomenon may be explained by detachment and transportation of microorganisms within the DWTP, followed by secondary colonisation downstream.
Interrelations between ecophysiological groups of bacteria in biofilms
A non-parametric statistical hypothesis test was run for paired-difference analysis, assessing the interrelationship within microbial communities. Wilcoxon signed-rank test results emphasise the absence of significant differences (P>0.05) between the means of ecophysiological groups of bacteria in biofilms developed on concrete compared to steel surfaces. However, significant differences (P<0.05) appeared when the microbiota characterising biofilms developed in the clarifier (concrete or steel origin) was compared with bacterial communities in biofilms with sand filter origin. Results suggest that interface material had no significant influence upon the evolution of microbial activity in biofilms, but the treatment process did. Data interpretation revealed multiple significant Pearson correlations, to different levels, between the physiological groups of bacteria, with higher similarity observed between concrete and steel associated biofilms ( Table 2 ). The interrelations established in biofilm microbiota denote similarities in microbial development, with one exception. Sulphur reducing anaerobes and iron reducing bacteria displayed a negative correlation on all substrates.
Factors influencing bacterial activity in biofilms
The influence of nutrients, respiratory substrata and ionic strength upon the dynamics of bacterial communities was also assessed. The moderate and strong Pearson common correlations (R>0.5) established in the evolution of water-associated biofilms, between the active sessile bacteria and raw water parameters are presented in Table 3 . Bulk fluid characteristics affect biofilm composition, depending on the specific requirements of bacterial physiology. The influence of temperature, pH, TOC, nitrates and magnesium concentrations upon certain biofilm microorganisms was significant.
Significant positive correlations were established between water temperature and SRB, while negative correlations exist between temperature and denitrifying bacteria. Increments in water pH in the clarifier inhibited ammonifying, denitrifying and sulphur oxidising bacteria, while in the filter increased pH restricted the growth of SRB. TOC enhanced the proliferation of manganese oxidising bacteria, SRB and sulphur reducing anaerobes, but restricted denitrifying bacteria. Nitrates stimulated the populations of SRB, sulphur oxidising and iron reducing bacteria. Magnesium ions in water were found to correlate positively with bacteria involved in nitrogen cycle and negatively with iron bacteria in biofilms.
The availability of nutrients in water was found to promote bacterial growth in mature biofilms, except for denitrifying populations, while pH increments inhibited microbial multiplication. On the contrary, in the early stages of stainless steel biofouling, bacteriametal adhesion forces were found to be reduced in the presence of nutrients in the solution, but increased by stronger ionic strength and higher pH values [31] .
In steel-developed biofilms, increments in pH restricted bacterial growth, with no exception (Table 4 ). The impact of iron and manganese upon the evolution of active bacterial groups in biofilms revealed moderate and weak Pearson correlations, as shown in Table 5 . Generally, increments in iron and manganese oxides and accumulation of corrosion products proved to stimulate bacteria involved in nitrogen cycling and sulphur reducing aerobes. Anaerobic sulphur reducers, sulphur oxidisers, as well as iron and manganese bacteria negatively correlated with iron and manganese agglomeration in the matrix, in both concrete and steel associated biofilms.
The impact of biofilms on drinking water quality
The large microbial diversity and the intense activity in biofilms may lead to the release of certain metabolites, such as organic and inorganic acids, ammonia, hydrogen sulphide, and extracellular enzymes. Bacteria may interact with surface materials resulting in biocorrosion and water quality deterioration. This hypothesis is confirmed by a recent metabolomic analysis, which demonstrates similarities between confirmed by a recent metabolomic analysis. The metabolites resulted from the microbial activity occurring in biofilms are present in the bulk water, as a unique chemical signature [32] . Routine monitoring shows that drinking water quality of Cluj is not negatively affected by the physiological groups of bacteria present in biofilm communities, in terms of ammonium, nitrite, and nitrate concentrations [33] . Consumer complaints regarding the organoleptic properties of tap water are seldom recorded, being typically associated with old building facilities and long residence time in the pipelines. In freshwater ecosystems, heterotrophic bacteria are responsible for the intense ammonification process of organic matter in oxic and anoxic water and sediment. The ammonia produced is assimilated by algae and nitrifying bacteria. Thus, the ammonia concentrations are low in aerobic waters and high in sediments and in biofilms [34] . The enhanced mineralisation processes occurring within bacterial communities suggests they are playing an important purification role in drinking water treatment. Biofilms function as biofilters, displaying bioaccumulation and bioadsorbtion properties. Iron, manganese, ammonia, nitrites, nitrates, and hydrogen sulphide removal, as well as pathogens retention are especially important [35] [36] [37] .
Biocorrosion aspects
In situ observations revealed that corrosion occurred mainly on steel surfaces, involving tuberculation, while consistent biofilm accumulation developed rapidly on concrete walls, within days during the warm season. Ammonifying and iron reducing bacteria were found to proliferate and represent the predominant populations in both types of consortia. Larger populations of SRB and manganese oxidising bacteria were detected in steeldeveloped biofilms, compared to concrete-developed biofilms. The biocorrosion and bioclogging potential of these predominant microorganisms should be further considered. The mechanisms of biomass accumulation and bioclogging involve: slime production by aerobic, facultative anaerobic, heterotrophic, oligotrophic and nitrifying bacteria; cathodic depolarisation and production of undissolved sulphides of metals by SRB; formation of insoluble carbonates of metals by ammonifying bacteria; production of ferrous solution as well as precipitation of undissolved ferrous and ferric salts and hydroxides by iron reducing bacteria [10, 11, 15, 38] .
Nevertheless, in potable water networks, the extent of corrosion may not correlate strictly with the number of corrosion-inducing bacteria detected, but with the metabolic status of microbiota [10] , and the microbial communities in DWTP of Cluj proved to be very active.
Significance of the bacterial species identified in each ecophysiological group
Regarding the bacteria identified as major players in biofilm physiology, the findings agree with the results of a previous study assessing the presence of opportunistic pathogens. Large populations of Pseudomonas spp. and Aeromonas spp. were found to survive and multiply in biofilms in the DWTP of Cluj [39] . Their metabolic versatility [40] may explain the high numbers of culturable bacteria obtained in the present study, based on the ability to grow on a range of different substrates. Species belonging to Aeromonas genus are commonly found in drinking water and associated biofilms [41] . The significance of microbially influenced corrosion by Aeromonas hydrophila, A. sobria and A. veronii isolated from water systems, by reducing iron and sulphur compounds was previously demonstrated [42] . Genetic mechanisms available for nitrite, nitrate, sulphate and sulphite reduction, responsible for the metabolic fitness that allows A. hydrophila to grow on a variety of substrates, as well as the presence of genes encoding its ability to promote biofilms in microaerobic environments were revealed through bacterial genome sequencing [43] . Pseudomonas spp. are also widespread in drinking water networks and well-recognised primary and secondary colonisers, due to their versatile nutrient requirements, quorum sensing and adhesion mechanisms [44, 45] . Additional studies on bacterial composition of drinking waterassociated biofilms also found Bacillus members as common inhabitants [16, 46] . The ability to use a broad range of nutrients, sporulation and enhanced extracellular exopolysaccharide production increase their colonisation potential and survival rates in biofilm structures [47] .
Drinking water process influence on biofilm consortia
A total number of 484 parameter pairs considered in the statistical comparison led to the establishment of 178 (36.77%) significant common correlations. 73 (15.08%) common statistically significant correlations were established in clarifier biofilms (between concrete and steel biofilms), 55 (11.36%) between steel and sand biofilms and 50 (10.33%) between concrete and sand biofilms. Results showed higher similarity between steeldeveloped biofilms and sand-developed biofilms, and lower similarity between concrete and sand associated microbial communities. Overall, microbial communities within investigated biofilms evolved similarly in the clarifier, with little influence of the substrate material, as Wilcoxon significance test confirms.
In conclusion, the drinking water treatment process is significantly influencing microbial activity in associated biofilms, in addition to bulk fluid.
